Introduction
Tobacco smoking increases the risk for various diseases, including malignant neoplasms, atherosclerosis and chronic obstructive pulmonary disease. To prevent smoking-related health problems, population-egories; genetic factors for smoking addiction, and those for the susceptibility to smoking-related diseases. The former factors include genetic polymorphisms of metabolizing enzymes of nicotine and those of dopamine metabolism 1) . The genetic factors of susceptibility to smoking-related atherosclerosis are partially explained by genetic polymorphisms of NOS3 (eNOS), MTHFR, CYP1A1, CYP2E1, GSTM1, GSTT1, TP53 (p53), and PON1, but the results are inconclusive because of the small size of study samples and the different backgrounds of subjects 2, 3) . The aim of our study was to explore interactions between smoking and the genetic polymorphism of 24 atherosclerosis-related genes on systemic atherosclerosis. In other words, we attempted to identify the genetic background of smokers who were more likely to develop atherosclerosis. We used autopsy cases to take advantage of the ability to examine the degree of atherosclerosis in different arterial systems at the same time.
Subjects and Methods

Hospital Characteristics
Tokyo Metropolitan Geriatric Hospital is a community-based general hospital for the elderly and has all medical departments except Obstetrics and Pediatrics. Over 90% of the outpatients come from the neighboring wards or cities of Tokyo. The average days of hospitalization shortened during the observation period from 45.6 days in 1995 to 18.1 days in 2003.
Patients
The study group comprised 1,503 consecutive autopsy cases, performed at Tokyo Metropolitan Geriatric Hospital between 1995 and 2003. No medicolegal cases were included in the series. The average autopsy rate during this time was 40%, among which the brain was available in 82%. The subjects were nearly all Japanese. We have been posting selected data of our autopsy cases on an Internet-based database called "The Japanese SNP database for geriatric research (JG-SNP)" (http://www.tmgh.metro.tokyo.jp/ jg-snp/english/E_top.html) since April 2003, as previously reported 4) .
Clinical Information
Hypertension was diagnosed when the patients showed repeatedly elevated blood pressure with systolic pressure above 140 mmHg or with diastolic pressure above 90 mmHg. According to the definition proposed by the Japan Diabetes Society in 1998, if patients showed a fasting plasma glucose higher than 126 mg/ dL or a casual plasma glucose higher than 200 mg/dL, or if the two-hour blood glucose level in the 75-g oral glucose tolerance test was 200 mg/dL or higher, the patients were diagnosed as having diabetes mellitus. Stroke included transient ischemic attack, reversible ischemic neurological deficit, subarachnoid hemorrhage, intracerebral hemorrhage and cerebral infarction. Coronary heart disease included angina pectoris and myocardial infarction.
The direct causes of death were determined according to the death certificates issued after the autopsies.
Serum Lipid Values
Serum lipid values were retrieved from their clinical charts. The mean of all available values measured either in the outpatient clinic or during admission represented each patient's serum lipid value. Serum total cholesterol and high-density lipoprotein cholesterol (HDL-C) data were available in 1,192 cases (79.3%). The data collection of lipid measurement was reviewed in the first 100 cases. The number of measurements of total cholesterol ranged from 0 to 89 times, with a mean ( SD) of 16.6 ( 19.5) and median of 9 times, respectively. The number of HDL-C measurements ranged from 0 to 82 times, with a mean ( SD) of 10.8 ( 15.0) and median of 4.5 times, respectively. The duration of observation reached 5,733 days with a mean ( SD) of 1,972 ( 1,716) and median of 1,540 days, respectively. The average total cholesterol and HDL-C values were relatively low, indicating malnutrition and a decrease in the daily activity levels of subjects prior to their deaths.
Pathological Assessment of Atherosclerosis
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The intracranial atherosclerotic index (ICAI) was examined as previously reported 7) . Cut sections of intracranial arteries were observed and the degree of stenosis was scored from 0 to 3: 0 no stenosis, 0.5 only with fatty streaks, 1 less than 50% stenosis, 2 50% to 90% stenosis, and 3 90% stenosis to occlusion. ICAI was the sum of stenotic scores of the left and right middle cerebral arteries and basilar artery.
Selected SNPs and Genotyping Using Melting Curve Analysis
The method of genotyping was as previously described 8) . DNA samples were extracted from the renal cortex by the phenol/chloroform method, and 10-ng DNA aliquots were used for the genotyping reaction. We analyzed 34 single nucleotide polymorphisms (SNPs) of 24 atherosclerosis-related candidate genes and the PCR primer pairs used in the study are summarized in Table 1 . PCR reactions and melting curve analyses were performed to detect genomic polymorphisms using the LightTyper (Roche Diagnostics). The genotypes were obtained in 99% of samples. Pathological assessment and genotyping were performed at different facilities in a double-blind fashion.
Statistical Analysis
The gender-related differences of patient clinical backgrounds were examined with a t-test and Fisher's exact test. Multiple logistic regression analyses were performed to examine the smoking and genetic effects and interaction effects on the severity of atherosclerosis. The cut-off values were set at the 75th percentile of the atherosclerotic degree or stenotic index. Genotype-specific effects of smoking on the severity of atherosclerosis were also examined with logistic regression models. The estimates were adjusted for gender and age at death of the patients; the presence of hypertension, hypercholesteremia (total cholesterol ≥ 2.2 g/L), and diabetes mellitus; and the smoking and drinking status. The statistical significance level was set at 0.05. The SAS system for Windows (ver. 9.1.3) (SAS Institute Inc., North Carolina) was used for statistical analyses.
Ethical Considerations
Written informed consent, including consent to use for medical and genetic studies, was obtained from the bereaved family of each patient prior to autopsy. The use of autopsy materials for medical education and research is generally permitted by the Act of Postmortem Examinations of Japan. This study was approved by the ethics committees of Tokyo Metropolitan Geriatric Hospital and Tokyo Medical and Dental University.
Results
Clinical Background of the Subjects
The clinical backgrounds of the subjects are shown in Table 2 . The average age at death was significantly higher in women than in men. Although histories of smoking and alcohol consumption were unavailable in 7.3% and 7.8% respectively, the prevalence of smokers and chronic alcoholics was significantly higher among men. The subjects frequently suffered from hypertension, hypercholesteremia, and diabetes mellitus; all conventional risk factors for atherosclerosis. Hypercholesteremia was more frequent in women than in men. The complications of atherosclerosis, such as stroke and coronary heart disease, were also prevalent. Men suffered more frequently from aneurysms than women.
The major cause of death was malignant neoplasm, followed by pneumonia and heart diseases. The incidence of cerebrovascular disease was relatively low. Heart disease and cerebrovascular disease were significantly prevalent among women in this elderly population.
Severity of Atherosclerosis
The severity of atherosclerosis in the different arterial systems is shown in Fig. 1 . When compared by medians of atherosclerotic degrees or stenotic indices, the aorta and common iliac arteries were most severely affected by atherosclerosis, while the superior mesenteric and splenic arteries were the least affected. The median/range of ICAI and CSI were 2.5/9 and 8/15, respectively.
Risks of Smoking on Atherosclerosis in Different Arterial Systems
The history of smoking was a significant risk for atherosclerosis in all arterial systems except for cerebral and coronary arteries, as shown in Table 3 . The common and external iliac arteries were the most sensitive to smoking. When tested by categorizing the cases with the smoking index, the dose-dependent effect of smoking was clearly shown. As shown in Table 4 , smoking was an atherosclerotic risk factor for all arteries except for splenic and cerebral arteries in men and the femoral, cerebral and coronary arteries in women. A dosedependent effect was also evident in men.
Genetic Polymorphisms of Atherosclerosis-Related Candidate Genes
The details of genetic polymorphism are shown in Table 5 . Minor allele frequency (MAF) was more than 0.1 in all SNPs except for IL10 promoter SNP, rs1800896. The MAFs obtained in our analysis did not deviate considerably from the data of the HapMap project (http://www.hapmap.org/index.html) or other SNP databases of the Japanese or residents of the Pacific rim. The distribution of genotypes did not significantly deviate from the Hardy-Weinberg equilibrium.
Interactions between Genetic Polymorphisms and Smoking on Atherosclerosis
No interactions were present between 24 SNPs and smoking. Seven SNPs showed significant inter- actions with smoking in one of each arterial system and 2 SNPs (adiponectin gene, ADIPOQ intron SNP, 276G T and angiotensinogen gene, AGT Met268Thr), in two of each arterial systems, as shown in Table 6 . Methylenetetrahydrofolate reductase gene, MTHFR Ala222Val (677C T) showed a significant interaction with smoking in four arterial systems, the common carotid artery, common and external iliac arteries, and femoral artery. When interaction was separately analyzed by gender, seven other genes showed significant interactions, as shown in Fig. 2 and Table  7 -1 (men) and 7-2 (women). Notably, IL10 showed a significant interaction between genotypes and smoking in three arterial systems in men.
Contribution of the Genotypes of ADIPOQ, MTHFR and AGT to Atherosclerosis
Multiple logistic regression analysis after adjustment for gender, age and traditional risk factors showed that MTHFR Ala222Val and ADIPOQ intron SNP contributed to cerebral atherosclerosis with an odd ratio (95% C.I., p value) of 1.34 (1.01 − 1.79, p 0.042) and 0.73 (0.56 − 0.96, p 0.022), respectively. AGT Met268Thr did not contribute to atherosclerosis in any arterial systems.
Interactions between Smoking and the Genotypes of Selected SNPs
The contribution of smoking to the severity of atherosclerosis among different genotypes of 3 SNPs is shown in The numbers of arteries with significant interactions are shown in parentheses (total-men-women). In four genes indicated by bold, the risks of smoking on atherosclerosis are analyzed among patients with different genotypes, as shown in Table 8 and Table 9 .
intron SNP than in CC homozygotes (1.72 − 3.36).
The CT heterozygotes of AGT Met268Thr showed a higher odds ratio (2.32 − 4.47) than CC homozygotes (1.42 − 3.65) in most arteries. When analyzed separately by gender, these results were replicated in both genders, as shown in Table 9 . CC homozygotes of IL10 promoter SNP (rs1800871) showed a higher odds ratio 
Discussion
The present study revealed a significant interaction between smoking and MTHFR Ala222Val (677C T) polymorphism on the severity of atherosclerosis. The susceptibility of atherosclerosis to smoking was high in TT homozygotes, moderate in CT heterozygotes and low in CC homozygotes in the systemic arteries, except for cerebral and coronary arteries.
MTHFR Polymorphism and Smoking
Hyperhomocysteinemia is an independent risk factor for several diseases, including atherosclerosis, neural tube defect, and neuropsychiatric diseases. The Hordaland Homocysteine Study showed several environmental risk factors for hyperhomocysteinemia, such as smoking, drinking, coffee consumption, physical activity, stress, and the plasma level of folic acid and vitamins B6 and B12 9, 10) . Smokers often show low plasma levels of folic acid and vitamins B6 and B12, and resultant hyperhomocysteinemia 11, 12) . Genetic mutations and polymorphisms of metabolizing enzymes composing the homocysteine cycle, folate cycle and trans-sulfur pathway, such as methyl tetrahydrofolate reductase (MTHFR), result in homocystinuria and hyperhomocysteinemia. MTHFR Ala222Val (677C T) is a common polymorphism that converts this enzyme into a thermolabile form with 30% to 50% reduction of enzymatic activity. Meta-analysis revealed that TT homozygotes had higher independent risk for coronary heart disease under low plasma folate levels 13) ; therefore, smoking and MTHFR polymorphism could interact via hyperhomocysteinemia or related mechanisms 14) . The Suita Study in Japan reported a significant interaction between MTHFR Ala222Val polymorphism and smoking in the maximum intima-media thickness of the common carotid artery 15) . In women, it showed that the maximum intima-media thickness in TT homozygotic smokers was significantly higher than in CC homozygotic smokers or TT homozygotic nonsmokers.
The present study showed that susceptibility to atherosclerosis related with smoking depended on the genotypes of MTHFR 677C T. The effect of the genotypes was compatible with that reported in the Suita Study 15) . Although the precise mechanism of this interaction is unknown, it is likely that low folic acid or hyperhomocysteinemia may mediate such an interaction between the MTHFR TT genotype and smoking in the degree of atherosclerosis. A scheme of the possible mechanism of synergistic interaction is shown in Fig. 3 . Whether folic acid or vitamin B6 and B12 supplementation reverses this effect warrants further study.
ADIPOQ and AGT Genetic Polymorphisms and Smoking
Low serum concentration of adiponectin is associated with obesity and insulin resistance. Although the polymorphisms, notably 45T G (rs2241766) and 276 G T (rs1501299), of the adiponectin gene (ADIPOQ) are known to influence the serum concentration of adiponectin, the contributions of these polymorphism to type 2 diabetes or cardiovascular events are controversial [16] [17] [18] . Imatoh, et al. reported an interaction between smoking and the serum concentration of adiponectin in the risk of coronary stenosis 17) . The present study provides another example of a possible interaction between smoking and the effects of adiponectin on atherogenesis.
Angiotensinogen is a key protein in the reninangiotensin-aldosterone system. Meta-analyses showed that AGT Met268Thr, also referred as Met235Thr, increases the risk of hypertension and coronary heart disease 19, 20) . Although no significant interactions have been reported between smoking and AGT Met268Thr polymorphism, the present study indicates a possible interaction between them.
Limitations of the Study
The subjects of this study were consecutive autopsy cases of patients in a geriatric hospital; therefore, we need to evaluate whether the subjects represent a selected hospitalized population or the demographics of Japan. According to the fifth National Survey on Circulatory Disorders in Japan (2000), the general prevalence of hypertension (systolic pressure ≥ 140 mmHg or diastolic pressure ≥ 90 mmHg) over 70 years of age was 68.9% in men vs. 64.9% in women and that of hypercholesteremia (total cholesterol ≥ 2.2 g/L) was 15.8% in men vs. 38.5% in women. The National Survey of Diabetes Mellitus in Japan (2002) showed that the prevalence of diabetes mellitus over 70 years of age was 21.3% in men vs. 11.6% in women. The prevalence of hypertension and hypercholesteremia was lower in our study than in the National Surveys. This does not mean that the subjects in this study are healthier than the general population. Considering the low average BMI of the subjects (17 kg/m 2 ), the undernourished condition (weight loss) and decreased activity of daily life seemed to cause a low prevalence of hypertension and hypercholesteremia.
Mortality probabilities at the age of 80 years according to the vital statistics in Japan (2003) were as follows; 22.1% men vs. 14.6% women by malignant neoplasms, 16.1% men vs. 20.7% women by heart diseases, 14.2% men vs. 17.0% women by cerebrovascular disease, and 17.3% men vs. 13.9% women by pneumonia. The frequency of malignant neoplasms is a little higher and that of cerebrovascular diseases is lower in our autopsy data. Since nearly all subjects were Japanese and the national health insurance covers the whole population of Japan, the selection bias from racial and socioeconomic differences of the subjects seems minimal. Altogether, our subjects may represent the general population in Japan rather than a selected hospitalized population.
Conclusion
The present study showed that smoking is a risk factor for atherosclerosis, especially among MTHFR 677 TT homozygotes; therefore, smoking cessation is more strongly recommended for TT homozygotic smokers. Future studies on the genetic backgrounds of other smoking-related diseases will enable personalized MTHFR 677C T polymorphism and smoking may exhibit a synergistic effect on atherogenesis through low folate, vitamin B6 and vitamin B12 status.
pharmacological intervention for smoking cessation.
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